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VasaStem cells are essential for animal development and adult tissue homeostasis, and the quest for an ancestral
gene ﬁngerprint of stemness is a major challenge for evolutionary developmental biology. Recent studies have
indicated that a series of genes, including the transposon silencer Piwi and the translational activator Vasa,
speciﬁcally involved in germline determination and maintenance in classical bilaterian models (e.g.,
vertebrates, ﬂy, nematode), are more generally expressed in adult multipotent stem cells in other animals like
ﬂatworms and hydras. Since the progeny of these multipotent stem cells includes both somatic and germinal
derivatives, it remains unclear whether Vasa, Piwi, and associated genes like Bruno and PL10 were ancestrally
linked to stemness, or to germinal potential. We have investigated the expression of Vasa, two Piwi
paralogues, Bruno and PL10 in Pleurobrachia pileus, a member of the early-diverging phylum Ctenophora, the
probable sister group of cnidarians. These genes were all expressed in the male and female germlines, and
with the exception of one of the Piwi paralogues, they showed similar expression patterns within somatic
territories (tentacle root, comb rows, aboral sensory complex). Cytological observations and EdU DNA-
labelling and long-term retention experiments revealed concentrations of stem cells closely matching these
gene expression areas. These stem cell pools are spatially restricted, and each specialised in the production of
particular types of somatic cells. These data unveil important aspects of cell renewal within the ctenophore
body and suggest that Piwi, Vasa, Bruno, and PL10 belong to a gene network ancestrally acting in two distinct
contexts: (i) the germline and (ii) stem cells, whatever the nature of their progeny.anuel).
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Stem cells are fundamental for embryonic development and cell
renewal during growth and regeneration and are present across all
phyla ofmulticellular animals (Metazoa), butwhether animal stemcells
share amolecular signature inherited from a common ancestor remains
unanswered. Comparative genomic analyses have provided a ﬁrst
glimpse into this question by demonstrating that many genes with
functions in stem cells of vertebrates or Drosophila are phylogenetically
conserved in early-branching metazoan phyla like cnidarians and
sponges (Hemmrich and Bosch, 2008). However, this does not
necessarily imply stem cell functions for these genes in non-bilaterian
animals as in conventional bilaterianmodels. Furthermore, thenotion of
“stem cell genes” is not straightforward. For example, paracrine Wnt
signalling controls the balance between self-renewal and differentiation
in many Drosophila and vertebrate stem cell systems (Fleming et al.,2008) as well as in hydrozoan interstitial stem cells (Khalturin et al.,
2007), but this pathway is also involved in a vast array of other contexts
and therefore is not speciﬁc for stem cells. Comparative transcriptomic
studies have attempted to identify common genes expressed across
mammalian stem cells of various types, but whether these cells really
share a “stemness” signature at the transcriptional level has been a
subject of controversy (Ramalho-Santos et al., 2002; Ivanova et al., 2002,
2003; Bidaut and Stoeckert, 2008), and large-scale comparisons with
stem cells of other animal groups using this approach are still lacking.
Therefore, a conserved molecular ﬁngerprint ancestrally linked to
animal stemness remains to be uncovered.
Recently, the study of non-conventional models, like planarians,
acoels, or hydrozoans, has highlighted a group of genes, previously
known as germline markers in classical models (e.g., Drosophila,
vertebrates), that appear to be expressed in multipotent stem cells
across phyla. Themost extensively studied of these genes are Vasa and
Piwi. Vasa is a DEAD-box RNA helicase exclusively expressed in the
germline in Drosophila, vertebrates, and nematode, and promoting
translation of other germline genes (Castrillon et al., 2000; Raz, 2000;
Liu et al., 2009; Gustafson andWessel, 2010). Piwi genes belong to the
Piwi/Argonaute family, highly conserved across eukaryotes and
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speciﬁc micro-RNAs, called piRNAs (for Piwi-interacting RNAs). The
main function of the Piwi machinery is genome protection by trans-
poson silencing (Vagin et al., 2006; Aravin et al., 2007; Thomsonand Lin,
2009; Tang, 2010; Siomi et al., 2010). Other roles of Piwi include
epigenetic regulation of transcriptional activity (Yin and Lin, 2007;
Thomson and Lin, 2009). There are important interactions between Piwi
and Vasa in the germline. In mouse, Vasa binds to the Piwi paralogues
MIWI and MILI (Thomson and Lin, 2009). In Drosophila, Piwi and Vasa
proteins co-localise in the germ plasm, over-expression of Piwi causes
increase in Vasa protein level (Gustafson andWessel, 2010), and Vasa is
involved in piRNA retrotransposon silencing (Vagin et al., 2004).
Piwi and Vasa aremembers of awider regulatory network involved in
germstemcellmaintenance, germline speciﬁcation, anddifferentiation in
vertebrates and Drosophila. This network includes, for example (among
other genes like nanos, pumilio, Tudor), the DEAD-box RNA helicase PL10,
closely related to Vasa, and the RRM domain-containing RNA-binding
protein Bruno. In mammals, PL10 (also called DDX3) is essential for
normal differentiation during spermatogenesis (Abdelhaleem, 2005).
Johnstone et al. (2005) showed the essential role of the PL10 orthologue
(Bel) inDrosophila fertility and the reductionof its localisation to the germ
plasm in a Vasa mutant. In Drosophila, Bruno regulates multiple mRNAs
involved in male and female gametogenesis, and the Bruno protein
physically interacts with Vasa (Webster et al., 1997).
In a number of other animal lineages, this gene combination is not
restricted to the germline but tends to be expressed in multipotent stem
cells that are capable of producingboth somatic andgerminal derivatives.
For instance, Piwi orthologues are expressed in sponge archaeocytes and
choanocytes (Funayama et al., 2010; Funayama, 2010), in larval cell
patches evoking interstitial stem cells in the hydrozoan Podocoryne
(Seipel et al., 2004), and in the neoblasts of acoels (De Mulder et al.,
2009a) and planarians (Reddien et al., 2005; De Mulder et al., 2009b).
Vasa is expressed in interstitial cells ofHydra andHydractinia (Mochizuki
et al., 2001; Rebscher et al., 2008), in planarian neoblasts (Agata et al.,
2006; Pﬁster et al., 2008) and in putative multipotent stem cells of the
colonial tunicate Botryllus (Rosner et al., 2009). PL10 and Bruno are
expressed in planarian neoblasts (Shibata et al., 1999; Guo et al., 2006).
Piwi, Vasa, and PL10 are expressed altogether at the posterior growth
zone in Platynereis larvae (Rebscher et al., 2007), in stem cells providing
somatic and germinal derivatives.
These data suggest two alternative hypotheses: (i) these genes are
fundamentally associated with germinal potential, and when they are
expressed in multipotent stem cells, it is because they have the
potential to generate germ cells; (ii) these genes are components of an
ancestral molecular toolkit of animal stem cells, whatever the fate of
their progeny. In order to test these hypotheses, it would be desirable
to investigate the expression of the gene combination in early-
branching animals that possess strictly somatic stem cells, because
these stem cells would be expected to express Piwi, Vasa, and others
under the second scenario but not under the ﬁrst.
Among the early-branching animal lineages (i.e., phylogenetically
positioned outside from the Bilateria), the phylum Ctenophora has not
been investigated in terms of themolecular mechanisms linked to stem
cells and to the germline. The phylogenetic position of ctenophores is
still a debated question. Some recent phylogenomic analyses placed
them as the sister group to all other extant metazoans (Dunn et al.,
2008; Hejnol et al., 2009), a result probably due to a long-branch
attraction artifact (Philippe et al., 2009; Pick et al., 2010). In Philippe
et al. (2009), ctenophores form with cnidarians a coelenterate clade,
grouped with bilaterians in the Eumetazoa (animals with nerve and
muscle cells). Whatever their exact placement in the tree, ctenophores
are apivotal group forunderstanding theearly evolutionof fundamental
developmental processes. Therefore, we decided to investigate the
expression of Piwi, Vasa, Bruno, and PL10 in the cydippid ctenophore
Pleurobrachia pileus, a species amenable to gene expression studies in
the adult (Derelle and Manuel, 2007; Jager et al., 2008).The ctenophore body features unique anatomical traits, strongly
departing from those of their cnidarian sister group (Brusca and Brusca,
2003; Hernandez-Nicaise, 1991). Their gastro-vascular system opens at
one extremity by the mouth, and at the other, by two anal pores. This
gastro-vascular system has a dual embryonic origin, consisting of an
ectodermal pharynx and of endodermal components, the infundibulum
(stomach), and ramiﬁed canals distributing nutrients throughout the
entire body (Fig. 1A). Among these, eight longitudinalmeridional canals
run from the oral to the aboral pole of the animal and house the gonads
(Fig. 1A). Ctenophores are hermaphrodite, and each meridional canal
contains separate female and male gonads. P. pileus does not reproduce
asexually in contrast to other early-branching metazoan model
organisms. Ctenophores swim, thanks to eight conspicuous longitudinal
rows of ectodermal ciliated plates (combs) made of the agglomerated
cilia of “polster cells”. At its aboral pole, Pleurobrachia possesses a
hemispherical apical organ involved in equilibration, ﬂanked by two
elongated ciliated areas, the polar ﬁelds (Fig. 1A). Our immunocyto-
chemical observations (Jager et al., in press) have highlighted the
anatomical complexity of the apical organ and polar ﬁelds in terms of
neuro-sensory cell types and their distribution.
Pleurobrachia, like other cydippid ctenophores, bears a pair of
tentacles used for catching prey (mostly planktonic crustaceans).
Previous histological investigations (Hertwig, 1880; Chun, 1880;
Benwitz, 1978; Franc, 1985; Hernandez-Nicaise, 1991) have described
spatially localised populations of stem cells/undifferentiated progeni-
tors, within the tentacle basal thickening (or tentacle root, Fig. 1A),
supplying cells for tentacle regeneration. Epithelial stem cells provide
the colloblasts (adhesive cells) and mesodermal-like stem cells
provide the tentacle muscle cells. This regeneration process is
continuous, as during the entire ctenophore adulthood, tentacles are
injured or destroyed during the process of prey catching. The tentacle
root is also responsible for the production of tentillae, lateral
branchings that increase the tentacle apparatus surface (Fig. 1A).
The existence in the tentacle root of stem cells specialised in the
production of particular somatic cell types makes ctenophores a
particularly relevant group for evaluating the two hypotheses
presented above, i.e., whether Piwi, Vasa, and others are ancestrally
associated with germinal potential or with stemness.
We studied the expression of Vasa, Piwi, PL10, and Bruno in the
adult P. pileus. These geneswere all expressed not only in the germline
but also in several localised cell populationswithin somatic territories,
including the tentacle root.Within all these gene-expressing areas, we
detected (i) cells with undifferentiated phenotypes based on TEM
observation and DAPI staining of nuclei, (ii) cell proliferation based on
incorporation of the thymidine analogue ethynyl deoxyuridine (EdU),
and (iii) long-term label (EdU) retention, providing strong evidence
for the presence of slow-cycling stem cells. These results provide
indications that ancestrally in eumetazoans, Piwi, Vasa, and other so-
called “germline genes” were linked not only to the germline but also
to stem cells whatever the nature of their progeny. In addition, the
present work illustrates how studies using ctenophores can renew our
understanding of the early evolution of adult cell renewal systems.
Materials and methods
Blast searches and phylogenetic analyses
EST sequencing for P. pileus (~36,000) was performed at the
Genoscope (Evry, France) from a normalised cDNA library, con-
structed by Express Genomics frommicrogram quantities of total RNA
extracted from mixed embryonic, larval, and adult stages. Starting
material was obtained fromVillefranche-sur-Mer. The P. pileus EST data
have been made publicly available in dbEST (http://www.ncbi.nlm.nih.
gov/nucest?term=pleurobrachia). The ESTs have been assembledusing
Phrap to give a total of 8936 contigs and singletons (assembly available
upon request). The assembled mRNA sequences of the ﬁve genes
Fig. 1. Expressionof PpiVasa, PpiPiwi1, PpiPiwi2,PpiBruno, andPpiPL10 in the gonads. (A)Diagramsummarising theanatomyof Pleurobrachia pileus. The gonads are locatedbypairs (male in
red, female in orange) in the walls of themeridional canals. abc: Aboral baby comb; cb: comb; cg: ciliated groove; i: infundibulum; mo: mouth; oa: apical organ; obc: oral baby comb; pf:
polarﬁelds; te: tentacle; tei: tentillae; tr: tentacle root. (B) Transverse semi-thin section through ameridional canal, showing themale and female gonads. (C–G)Expression of PpiVasa (C),
PpiPiwi1 (D), PpiPiwi2 (E), PpiBruno (F), and PpiPL10 (G) in the gonads (male on the left, female on the right). (H). Detailed view of an oocyte surrounded by its nurse cells (nc), both
expressing PpiVasa. The red star in panels C–H indicates the vitellus mass in the centre of oocyte cytoplasm. (H′) DAPI counterstaining of (H), showing the small nucleus of the oocyte
(arrow), contrastingwith the large size of surrounding nurse cell nuclei. (I) Transverse cryosection of ameridional canal after PpiVasawhole-mount ISH (male gonad on the left, female on
the right). (I′) DAPI counterstainingof panel I. ec: Ectoderm; lu: lumenof themeriodional canal;m :mesoglea; nc: nurse cell; oo: oocytes; spg: spermatogenesis stages; spz: spermatozoids.
Scale bars: B: 100 μm; C–H′: 25 μm; I, I′: 50 μm.
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DDBJ/EMBL/GenBank databases under the accession numbers TPA:
BK007895 (PpiVasa), BK007896 (PpiPL10), BK007897 (PpiPiwi1),
BK007898 (PpiPiwi2), and BK007899 (PpiBruno).
Ctenophore sequences similar to Piwi, Vasa, Bruno, and PL10 were
obtained by TBlastN searches using Drosophila sequences on the P.
pileus EST assembly. Alignments were constructed using published
sequences and sequences retrieved by TblastN searches on public
databases for a representative taxon set (see Supplementary data).
Sequences were aligned using MUSCLE (Edgar, 2004). Alignments
were slightly corrected manually to eliminate major mistakes.
Ambiguous regions were identiﬁed by visual inspection and removed
manually, and positions containing more than 80% of missing data
were deleted. These ﬁnal alignments are provided as Supplementary
data. Maximum-likelihood (ML) analyses were performed using the
PhyML program (Guindon and Gascuel, 2003), with the WAG model
of amino-acid substitution and a BioNJ tree as the input tree. A gamma
distribution with four discrete categories was used in these ML
analyses. The gamma shape parameter and the proportion of invariant
sites were optimised during the searches. The statistical signiﬁcance
of the nodes was assessed by bootstrapping (200 replicates).
Specimen collection
Adult specimens of P. pileus were collected in Villefranche-sur-
mer, Roscoff, and Gravelines during their reproduction period
(March–May), with plankton nets. The stress due to the captureinduces laying of eggs and sperm. Animals were kept in 16 °C sea
water for 24 h to allow them to recover full gonads.
In situ hybridisation
P. pileus specimens were ﬁxed in 4% PFA in 50% seawater and 50%
PBST (10 mM Na2HPO4, 150 mM NaCl, pH 7.5, 0.1% Tween 20) for 1 h
at room temperature. Samples were washed three times in PBST,
dehydrated through a graded series of ethanol, and stored in
methanol at −20 °C. DIG (digoxigenin)-labelled RNA probes were
synthesized from plasmids containing the clones of interest based on
EST sequences, using the DIG RNA Labeling Mix (Roche, Indianapolis,
USA). Insert size was determined by digestion with the appropriate
restriction enzymes and found to be between 500 bp and 1.5 kbp.
The protocol used for in situ hybridisation (ISH) was as described
in Jager et al. (2008), but colour was developedwith NBT/BCIP (Roche,
Indianapolis, USA). After ISH, samples were stained with DAPI (1 μg/
ml) for 30 min for DNA visualisation, then washed 3× 15 min in PBST.
Before mounting in Citiﬂuor (Agar Scientiﬁc, Essex, England), animals
were micro-dissected. Gonads and tentacle roots were extracted from
the body for separate observation. The aboral regionwas isolated from
the rest of the body and positioned on a slide.
EdU labelling of DNA-replicating cells
EdU (ethynyl deoxyuridine) is a thymidine analogue similar to the
classical BrdU but quicker and easier to use (Chehrehasa et al., 2009).
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Fluor® 488 Imaging Kit from Invitrogen (Durham, NC, USA).
Individuals were incubated in artiﬁcial sea water containing 100 μM
EdU, for different times (pulse, see below), then they were either (i)
ﬁxed in PFA 4% 50% seawater, 50% PBST (no chase), or (ii) rinsed
several times in artiﬁcial seawater and left in artiﬁcial seawater for
various lengths of time (chase, see below) before ﬁxation. We
performed four different combinations of pulse/chase times as
follows: (1) pulse 30 min, no chase; (2) pulse 12 h, no chase; (3)
pulse 12 h, chase 24 h; (4) pulse 12 h, chase 5 days. After ﬁxation for
30 min at room temperature, the samples were blocked with 3% BSA
in PBST, then permeabilised in PBS triton X100 0.5% (PBST) for 20 min.
After washing with 3% BSA in PBS, animals were incubated in EdU
detection solution as indicated by the manufacturer. All samples were
ﬁnally stained with DAPI (1 μg/ml) for 15 min for DNA visualisation,
then washed three times for 15 min in PBST and mounted as
described for ISH experiments.
Sections for photonic and electronic microscopy
Three types of sections (cryosection, semi-thin and ultra-thin
sections) were performed. For cryosectioning, tentacle roots or
meridional canals extracted after whole-mount ISH were incubated
for 2 days in PBST 15% sucrose at 4 °C, then for 2 h in PBST, 15%
sucrose, 7.5% pig gelatin. Then, blocks were frozen at −65 °C in 2-
methyl-butan. Cryosectioning was done on a Leica CM3050 S cryostat
or Jung Frigocut 2800E cryostat, at a thickness of 14 μm. Slices were
mounted in Citiﬂuor (London, UK).
Living specimens for semi-thin and ultra-thin sections were ﬁxed
for 10 min in 3% glutaraldehyde, 0.1 M sodium cacodylate pH 7.3,
0.3 M sodium chloride, 0.05% OsO4 (modiﬁed after Eisenman and
Alfert, 1981). They were then transferred to the same solution
without OsO4 for 2 h. A ﬁnal post-ﬁxation step was performed for 1 h
in 1% OsO4, 1.5% K-ferricyanide, 2.5% NaHCO3 pH 7.2, and 0.25 M
sodium chloride (modiﬁed after Sun et al., 2007). Finally, material was
dehydrated through ethanol series, and embedded in Spurr. Sections
were done using a Leica Ultracut R ultra-microtome, at a thickness of
500 nm for semi-thin sections (coloured with toluidin blue and
mounted in Eukit, Agar Scientiﬁc, Essex, England) and 60 nm for ultra-
thin sections.
Imaging
All ﬂuorescence, DIC, and semi-thin section images were acquired
on an Olympus BX61 microscope using a Q-imaging Camera with
Image Pro plus software (Mediacybernetics, Bethesda, MD). TEM
images were acquired on a Jeol JEM-1400 Transmission Electron
Microscope equipped with a Morada (SIS) camera at the “Centre
Commun de Microscopie Appliquée” (CCMA) (Université de Nice
Sophia Antipolis, Faculté des Sciences, Nice).Fig. 2. Expression of PpiPiwi1, PpiVasa, PpiBruno, and PpiPL10 in the tentacle root. (A–D) Inter
and PpiPL10 (D) anti-sense probes. (A′–D′) External views of the tentacle roots shown in pan
at higher magniﬁcation in panel K for PpiPiwi1 (see text). Aboral pole is on top for all tenta
according to the plane shown in panels A and A′. Red arrows in panel E indicate the sense
(I) Detail of the expression of PpiVasa in the distal region (ridge) of a lateral expansion in t
higher magniﬁcation of a nucleus from the Vasa-positive region (box); note the presence of
expansion, on transverse cryosection of whole-mount ISH. (J′) DAPI counterstaining of pane
the aboral/external cell population. (K′) DAPI counterstaining of panel K. (L) TEM view of a p
section through a median ridge, showing muscle cell progenitors. (N) TEM view of the aboral
the cells. (O–O′) Internal (O) and external (O′) views of a dissected tentacle root stained with
cell populations. Red arrowhead: oral site of PpiPiwi2 expression. (P) Transverse cryosection
ISH. Insert: DAPI counterstaining of the boxed area. (Q) Transverse cryosection at the oral
D-shaped aspect of the expression pattern. (R) Higher magniﬁcation of the area boxed with a
area boxedwith a dotted line in panel Q. (S′)DAPI counterstaining of panel S. In panels Q–S, nu
gene expression patterns in the tentacle root. (a) External view of the tentacle root, (b) genera
colloblasts; lr: lateral ridge; en: endodermal canal; EXT: external side; INT: internal side; mi
Scale bars: A, A′, C, C′, D, D′, K, K′, O: 100 μm; B, B′: 200 μm; E–H, Q: 50 μm; I–J′, P: 25 μm; LResults
By Blast searches on P. pileus ESTs and phylogenetic analyses, we
could identify one orthologue of Vasa (PpiVasa), two paralogues of Piwi
(PpiPiwi1 and PpiPiwi2), two paralogues of Bruno (PpiBruno and
PpiBruno2; expression data obtained only for PpiBruno), and one
orthologue of PL10 (PpiPL10) (amino-acid sequences provided in
Supplementary data Fig. S1). The trees establishing orthology relation-
ships are provided as Supplementary data (Figs. S2–S4). The two
ctenophore Piwi paralogues PpiPiwi1 and PpiPiwi2 are closely related,
and they clearly originated from a ctenophore-speciﬁc duplication.
Gene expression in the germline
All genes investigated in this study are expressed in both the
female and the male gonads (Fig. 1). In P. pileus, the male and female
germlines are spatially segregated at both sides of each ﬂattened
meridional canal (Fig. 1A, B). We observed a strong expression of
PpiVasa, PpiPiwi1, PpiPiwi2, PpiBruno, and PpiPL10 throughout the
entire female gonad, in the oocytes at various stages of differentiation
and in their surrounding nurse cells (Fig. 1C–H). Oocytes are
recognisable by the small size of their nucleus (Fig. 1H')(Martindale
and Henry, 1997) and by the presence in their cytoplasm of a central
mass of vitellus, unstained in ISH preparations (red asterisk in Fig. 1C,
1E–H). The nurse cells belong to the same cell lineage as the oocyte, to
which they remain connected via cytoplasmic bridges resulting from
incomplete cytokinesis, and are thought to provide mRNAs and
food storage to the oocyte (Dunlap, 1966; Dunlap-Pianka, 1974;
Martindale and Henry, 1997). In the male gonad, gene transcripts
are restricted to the most external region (annotated spg in Fig. 1B
and I–I′) and are not detected in the mature sperm cells located in the
internal-most region (spz in Fig. 1B and I–I′). This is obvious on a
transverse cryosection of a gonad stainedwith PpiVasa anti-sense RNA
probe and DAPI counterstaining (Fig. 1I–I′), where mature sperma-
tozoids recognisable by their smaller nucleus and concentrated in the
internal region are unstained. In conclusion, PpiPiwi1 and 2, PpiVasa,
PpiBruno and PpiPL10 are expressed in the germ cells of P. pileus,
during oogenesis, and during spermatogenesis but not in mature
sperm cells.
Gene expression in the stem cells of the tentacle root
All genes investigated in this study except PpiPiwi2 showed a
similar expression pattern in the tentacle root, notably in the stem
cells/undifferentiated progenitors of colloblasts and muscle cells. The
internal side of tentacle roots stained with PpiVasa, PpiPiwi1, PpiPL10,
or PpiBruno anti-sense probes has the aspect of a coffee seed, with
three longitudinal lines connected at the oral and aboral root poles
(Fig. 2A–D, internal views). In transverse sections of tentacle roots
after whole-mount ISH (Fig. 2E–H), gene transcripts appear conﬁnednal views of dissected tentacle roots stained with PpiVasa (A), PpiPiwi1 (B), PpiBruno (C),
els A–D. White arrowheads: gene expression in the aboral/external cell masses showed
cle root pictures. (E–H) Transverse cryosection of whole-mount ISH for the four genes,
of differentiation of the colloblasts (curved arrows) and muscle cells (straight arrow).
ransverse cryosection of whole-mount ISH. (I′) DAPI counterstaining of panel I. Insert:
a central nucleolus. (J) Expression of PpiVasa in the distal region (ridge) of the central
l J. (K) Higher magniﬁcation of the region boxed in (B′) showing PpiPiwi1 expression in
utative colloblast stem cell, localised in the distal ridge of a lateral expansion. (M) TEM
/external cell population. Yellow arrowheads point to cytoplasmic connections between
PpiPiwi2 anti-sense probe. Green arrowhead: PpiPiwi2 expression in the aboral/external
at the aboral level (green plane in O–O′) of a tentacle root after PpiPiwi2 whole-mount
level (red plane in O–O′) of a tentacle root after PpiPiwi2 whole-mount ISH. Note the
full line in panel Q. (R′) DAPI counterstaining of panel R. (S) Higher magniﬁcation of the
mbers indicate the three distinct zones of PpiPiwi2 expression. (T) Diagram summarising
l view, (c) internal view of the tentacle root. aec: Aboral/external cell masses; co:mature
: mitochondria; mu: muscle; mr: median ridge; n: nucleus; nu: nucleolus; ten: tentacle.
, M: 2 μm; N: 1 μm; R–S′: 20 μm; insert in P: 25 μm.
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internal side of the root: two symmetrical lateral expansions and a
median expansion. In the lateral expansions, staining decreases
proximally as a brownish natural colour appears within the cells
(Fig. 2E–I). This brownish colour is due to pigmented vesicles (P
granules) accumulating in the cytoplasm of colloblasts. DAPI staining
reveals that mRNA-positive cells possess a large round nucleus with
well-developed nucleolus (Fig. 2I′). In the median expansion, staining
is likewise restricted to the distal-most cells, with a round nucleolated
nucleus, and is excluded from the most proximal cells, which possess
a smaller and elongated nucleus (Fig. 2J–J′).
Previous histological investigations (Benwitz, 1978; Franc, 1985)
have suggested that progenitors of mature tentacle cells locate at the
edges of these three expansions. According to Benwitz (1978), stem
cells and progenitors of colloblasts are the most abundant cell type in
the distal part of the lateral expansions, and these cells differentiate as
they migrate on the tentacle root external surface, towards the
tentacle base. This “conveyor belt” mechanism accounts for the
gradient of brownish pigmentation of colloblast cells visible onFig. 3. Results of EdU incorporation experiments in the tentacle root. (A–A′) EdU incorpor
(see green box in panel G). The dotted line on the left materialises the edge of the latera
colloblasts. (A′) Combination of EdU (green) and DAPI (red) ﬂuorescence on the same prep
ridge. Panels B–B′ are as in A–A′ but after a 24-h chase. EdU-labelled nuclei in panel B′ are
labelled nuclei remain close to the edge (pink arrowheads). Panels C–C′ are as in A–A′ but af
showing long-term Edu retention within the lateral ridge. (D′) Higher magniﬁcation of the
colloblasts (recognisable by their elongated nucleus). (E) EdU incorporation after 12-h puls
dotted line on the left materialises the edge of the median ridge. Combination of EdU (green
arrowheads). Panel F is as in E but after a 5-day chase. Strong EdU labelling is present in the
arrowheads). (G) Schematic transverse view (on the left) and proﬁle view (on the right) o
tentacle root after a 12-h incubation with EdU (no chase). In addition to the lateral (lr) and
(aec). Insert: detail showing combination of EdU (green) and DAPI (red) ﬂuorescence in th
lateral ridge; mr: median ridge; mu: muscle cells. Scale bars: A–C′, E, F: 25 μm; D–D′: 10 μmtransverse sections. The median ridge contains stem cells/progenitors
of the tentacle mesogleal cells, including muscle ﬁbres (Franc, 1985).
Our TEM observations conﬁrm that the distal tips of the lateral
expansions mostly contain ovoid cells with high nucleo-cytoplasmic
ratio, one prominent nucleolus in the nucleus, highly condensed
heterochromatin, and a cytoplasm poor in organelles (with only a few
mitochondria) (Fig. 2L), in accordance with previous descriptions by
Benwitz (1978). In the median ridge, TEM observation reveals cells
with similar undifferentiated phenotypes but with an elongated shape
(Fig. 2M) as described for muscle cell progenitors (Franc, 1985). More
data on the differentiation of tentacle muscle cells in the median
expansion of the root are provided in Supplementary data, Fig. S5.
To better characterise cellular dynamics in the tentacle root, we
performed EdU labelling of replicating nuclei. After a 30-min pulse, no
EdU incorporation was detected (not shown). After a 12-h pulse of
EdU incubation, labelled cells in the lateral expansions were
distributed from the lateral ridge to the area where they begin to
acquire brown colour (Fig. 3A–A′). After a 24-h chase, most of the
staining was displaced towards a more proximal position, but a fewation after a 12-h pulse and no chase, in a dissected portion of the lateral expansion
l ridge. (A) DIC view showing the gradient of brown pigmentation in differentiating
aration as in panel A. The pink arrowheads indicate some labelled nuclei at the lateral
on average more distant from the edge of the ridge than in A′, but some isolated EdU-
ter a 5-day chase. (D) Higher magniﬁcation of the area boxed with a full line in panel C′
area boxed with a dotted line in panel C′, showing EdU incorporation in differentiated
e and no chase in a dissected portion of the median expansion (see blue box in G). The
) and DAPI (red) ﬂuorescence. Labelled nuclei are all located in the median ridge (pink
muscle cell nuclei, while isolated EdU-labelled nuclei persist in the median ridge (pink
f the tentacle root summarising our interpretation of the EdU experiments. (H) Whole
median (mr) ridges, there is intense cell proliferation in the aboral/external cell masses
e boxed area. aec: Aboral/external cell masses; c: colloblasts; en: endodermal canal; lr:
; H: 100 μm; insert in H: 10 μm.
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day chase, long-term retention was seen in some of the large nuclei at
the lateral ridge (Fig. 3C, C′, detail in D), while most of the DNA label
had moved to differentiated colloblasts, towards the tentacle base
(Fig. 3C, C′, detail in D′). In the median expansion, after a 12-h EdU
pulse, much of the distal-most nuclei were labelled (Fig. 3E, pink
arrowheads). Long-term label retention after 5-day chase was
observed in some distal nuclei (Fig 3F, pink arrowheads), the vast
majority of labelled nuclei being those of differentiating muscle cells
(mu in Fig. 3F). Our interpretation of these results is illustrated in
Fig. 3G.
In addition to these easily interpretable expression sites, the genes
were also expressed in symmetrical cell populations called here the
“aboral/external cell masses”, which have been previously shown to
express some SOX genes (see Fig. 2G–K in Jager et al., 2008). These
cells are located towards the aboral extremity of the tentacle root, on
its external side (arrowheads in Fig 2A′–D′; detail in Fig. 2K) and are
arranged in two symmetrical strands running from the aboral
extremity of the root to the tentacle base (Fig. 2K, dotted line). In
DAPI views (Fig. 2K′), their nuclei are small and densely packed.
Strong EdU incorporation after a 12-h pulse (Fig 3H, aec) demon-
strates that these cells actively divide. TEM sections show that these
cells are often linked to each other by cytoplasmic bridges (Fig. 2N,
yellow arrowheads) and possess a round nucleus and a high nucleo-
cytoplasmic ratio (Fig. 2N). These cells could be undifferentiated
progenitors, but if this is true, their fate is unknown.
The PpiPiwi2 gene has a totally different expression pattern in the
tentacle root. This gene is not expressed along the three ridges.
Transcripts were detected (i) in the aboral/external cell masses
described previously (Fig. 2O–P, aec) and (ii) in a very restricted area
towards the oral extremity (Fig. 2O, O′, red arrowhead; Fig. 2Q–S′). In
transverse section towards the oral extremity of the tentacle root
(Fig. 2Q), PpiPiwi2 transcripts are distributed according to a D-shaped
pattern, comprising four areas, which we labelled for clarity as
follows: “1” for the most external zone, “2” for the most internal, and
“3” for the two symmetrical lateral zones (Fig. 2Q). Cells located in the
centre of the D-shaped area are not stained (Fig. 2Q). Zone “1”
comprises small round nuclei in comparison to the non-stained cells
(Fig. 2R, R′); zone “2” comprises heterogeneous nuclei in term of size
and shape (Fig. 2S, S′), and zone “3” contains small elongated nuclei
(Fig. 2S, S′). There is also faint PpiBruno expression in zone 2 (Fig. 2G).
The nature of these cells is unknown, but since they are located just
beneath the youngest tentillae close to the production zone of
tentillae (Fig. 2Ta), it is tempting to imagine that all or some of these
PpiPiwi2 stained cells could be progenitors of tentillar cells. Gene
expression in the tentacle root is summarised in Fig. 2T.
Expression in the stem cells/undifferentiated progenitors of the comb
rows
Within the comb rows, PpiPiwi1, PpiVasa, PpiBruno, and PpiPL10 are
expressed in the forming combs and at both extremities of mature
combs (Fig. 4), and these expression sites correspond to stem cells
and/or progenitors of the polster cells, the ciliated cells of the combs.
Forming combs, recognisable by their small size, could only be
detected towards the oral and aboral extremities of comb rows,
indicating that comb rows do not grow by intercalation of new combs
all along the row, but by a kind of localised terminal growth (Fig. 4A–
H, combs are numerated from the youngest to the oldest). The
identiﬁcation of comb anlages is more straightforward at the oral
extremity of each comb row, where there is clear and progressive
decrease in comb length (Fig. 4A, D, G). PpiPiwi1 (Fig. 4A–B), PpiVasa
(Fig. 4D), PpiPL10 (Supplementary data Fig. S6A), and PpiBruno
(Supplementary data Fig. S6B) are expressed in all cells of the smallest
recognisable oral baby combs. These cells possess a large, round, and
nucleolated nucleus (e.g., Fig. 4B′, at the oral extremity of a combrow). In slightly older combs, gene expression is excluded from a
central zone where polster cells are thought to differentiate (see for
example comb (iii) in Fig. 4A).
The mode of comb addition is clearly different at the aboral
extremity of the comb rows. Here, there is no progressive decrease of
comb width, the ﬁrst aboral comb being mature and its length
approaching that of less terminal combs. Our observation of many
DAPI stained specimens revealed that aboral baby combs systemat-
ically localise between the ﬁrst and second (mature) aboral combs
(Fig. 4H). Furthermore, we never found more than a single baby comb
in this area. PpiPiwi1 (Fig. 4C), PpiVasa (Fig 4E–F), PpiPL10 (Supple-
mentary data Fig. S6A′), and PpiBruno (Supplementary data Fig. S6B′)
are all expressed in these aboral baby combs. In conclusion, the mode
of comb addition is sub-terminal at the aboral comb row extremity
whereas it is terminal at the oral extremity. This difference might
reﬂect an architectural constraint, owing to the presence at the aboral
comb row extremity of a ciliated groove, which ensures electrical
communication between the apical organ and the comb row (cg in
Fig. 1A). This ciliated groove has no equivalent at the oral extremity.
Mature combs are mostly made of differentiated polster cells,
which bear cilia. In such mature combs, transcripts are restricted to
two crescent-shaped areas at both comb extremities (Fig. 4I–N′). DAPI
staining reveals that positive cells possess a round and nucleolated
nucleus, while the ﬂanking polster cells have small elongated nuclei
(for example, see Fig 4N′). At the comb extremities, observation of
semi-thin and TEM sections revealed cells with a typical undifferen-
tiated phenotype: high nucleo-cytoplasmic ratio, large nucleus with
well-developed nucleolus, and a reduced cytoplasm containing few
organelles (Fig. 4O, P). Gene expression in the comb rows is
summarised in Fig. 4Q.
In addition, these cells actively divide, give rise to polster cells, and
retain EdU in the long term (Fig. 5). After a short pulse of 30 min (not
shown) or a long pulse of 12 h (Fig. 5A–A″), EdU is incorporated in
many nuclei located at the comb extremities, but not in the polster
cells. Interestingly, after a long pulse followed by a 24-h chase, a few
polster cell nuclei (recognisable by their elongated shape) are labelled
(Fig. 5B–B″, pink arrowheads), demonstrating that indeed polster
cells belong to the progeny of the dividing cells located in the
crescent-shaped areas. Finally, these undifferentiated cells retain EdU
after a 5-day chase (Fig. 5C–C″) strongly suggesting that they are stem
cells. Some polster cell nuclei are also stained after a 5-day chase
(insert in Fig. 5C–C″). These data indicate that the combs grow by
lateral addition of new polster cells.Gene expression labels restricted stem cell pools within the aboral
sensory complex
All investigated genes, except PpiPiwi2, are expressed in four
patches of cells in the proximal region of the polar ﬁelds (Fig 6A–D″,
G). DAPI counterstaining reveals relatively large nuclei in these areas
(Fig. 6A″–D″). These patches visualised in a DAPI-treated specimen
after ﬁxation but no dehydration (for better preservation of
structures) contain large densely packed nuclei (Fig. 6E–F), suggest-
ing high nucleo-cytoplasmic ratio. After a 30-min or 12-h EdU pulse,
several cell populations in the aboral region had positive nuclei,
including cells in the marginal and central zones of the polar ﬁeld, and
epithelial cells surrounding the apical organ (especially with a 12-
h pulse) (Fig. 7A–B″). Interestingly, after a 24-h chase, staining
decreased except in the proximal part of the polar ﬁeld central zone
(Fig. 7C–C″). After a 5-day chase, long-term EdU retention was strictly
restricted to four patches of densely packed nuclei (Fig. 7D–D″) whose
anatomical position was identical to the four spots of gene expression
(Fig. 6A–D). Long-term retention of EdU by these cells together with
their high nucleo-cytoplasmic ratio suggests that they are slowly
dividing nested cells, and thereby stem cells.
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Divergent expression patterns for the two Piwi paralogues PpiPiwi1 and
PpiPiwi2
The two paralogues PpiPiwi1 and PpiPiwi2 clearly resulted from a
duplication that took place in the ctenophore lineage and are highlyFig. 4. Expression of PpiPiwi1, PpiVasa, PpiBruno, and PpiPL10 in the comb rows. (A) PpiPiwi1
youngest to the oldest. (B–B′) Highermagniﬁcation (B) and DAPI counterstaining (B′) corresp
comb row. Combs are labelled (i, ii, etc.) from the youngest (arrow) to the oldest. (D) PpiVasa
expression at the aboral extremity of a comb row (labelling of combs as in C). (F–F′) Higher
staining of the oral extremity of a comb row (labelling of combs as in A). (H) DAPI staining of
a mature comb. (J) PpiVasa expression in a mature comb. (J′) PpiVasa expression along a com
PpiVasa, PpiBruno, and PpiPL10. (K′–N′) DAPI counterstaining of panels K–N. (O) Semi-thin l
area boxed in panel O. For clarity, all nuclei have been coloured in orange, and the cytoplas
expression patterns in the comb rows. bl: Basal lamina, c: cilia of polster cells, g♂: male gonad
nucleus, nu: nucleolus, ps: polster cells. Scale bars: A, C, E, J′: 100 μm; B, B′, F, F′: 25 μm; I,similar in their amino-acid sequences (72% of sequence similarity), but
their somatic expressionpatterns are strongly divergent. The expression
territory of PpiPiwi2 ismuchmore reduced than that of PpiPiwi1, and the
nature of the PpiPiwi2-expressing cells in the tentacle root is enigmatic.
PpiPiwi1 shares all its expression territories with PpiVasa, PpiPL10, and
PpiBruno, strongly evoking the situation observed in bilaterian classical
models, where the homologues of these genes functionally interact, andexpression at the oral extremity of a comb row. Combs are labelled (i, ii, etc.) from the
onding to the area boxed in panel A. (C) PpiPiwi1 expression at the aboral extremity of a
expression at the oral extremity of a comb row (labelling of combs as in A). (E) PpiVasa
magniﬁcation (F) and DAPI counter staining (F′) of the area boxed in panel E. (G) DAPI
the aboral extremity of comb row (labelling of combs as in C). (I) PpiPiwi1 expression in
b row. (K–N) Detailed views of comb extremities showing the expression of PpiPiwi1,
ongitudinal section of a comb (asterisk: artefact). (P) TEM picture corresponding to the
m of a putative stem cell has been coloured in yellow. (Q) Diagram summarising gene
, g♀: female gonad, m:mesoglea, mc: lumen of ameridional canal, mi: mitochondria, n:
J, D: 50 μm; K, L, M, N: 10 μm; O: 20 μm; P: 2.5 μm.
Fig. 5. Results of EdU incorporation experiments in the combs. All pictures are details of the extremity of a comb. First column: nuclei labelled with EdU; second column: nuclei
stained with DAPI; third column: combination of EdU and DAPI ﬂuorescence. Experimental conditions: (A–A″) pulse 12 h, no chase; (B–B″) pulse 12 h, chase 24 h; (C–C″) pulse 12 h,
chase 5 days. Pink arrowheads in panels B–B″ point to differentiated nuclei of polster cells, recognisable by their elongated shape. The insert in panels C–C″ shows a labelled polster
cell nucleus from another comb (same scale as in C–C′). Most of the labelled nuclei in all three conditions are distributed on a crescent at the comb extremity, matching the
expression zone of PpiPiwi1, PpiVasa, PpiBruno, and PpiPL10 (see Fig. 4). White stars in panels A″ and B″ indicate out of focus labelled nuclei located in the underlying gonad. Scale
bars: A–B″: 10 μm; C–C″: 5 μm.
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types. Therefore, the four genes have probably been part of a same
network at least since the commonancestor of eumetazoans. A corollary
is that after duplication in the ctenophore lineage, PpiPiwi1 retained the
ancestral function, while PpiPiwi2 somatic expression derived. Phylo-
genetic analysis of Piwi genes indicates that duplications have been
relatively frequent during the evolutionary history of this family (see
tree and comment in Supplementary data Fig. S2).
Conserved expression of Piwi, Vasa, PL10, and Bruno in the germline
Expression of Piwi and Vasa genes in the ctenophore germline adds
to a vast array of data indicating that these genes were active in the
germline of the common eumetazoan ancestor (Fig. 8) (and perhaps
metazoans, but data are still scarce for sponges and absent for
placozoans). Vasa has been found acting in the germline of all
investigated animal species including vertebrates, ascidians, insects,
planarians, and cnidarians (Lasko and Ashburner, 1990; Castrillon
et al, 2000; Mochizuki et al., 2001; Sunanaga et al., 2006, 2007; Pﬁster
et al., 2008; Rosner et al., 2009). Piwi genes are expressed in bothmale
and female germlines in Drosophila (Cox et al., 2000; Lin andSpradling, 1997), planarians and acoels (De Mulder et al., 2009a,b),
and the hydrozoan Podocoryne (Seipel et al., 2004) and are involved in
spermatogenesis in mammals (Thomson and Lin, 2009). Piwi and
Vasa are certainly part of a much wider gene network acting in the
ancestral animal germline, to which belong the two additional genes
investigated here, PL10 and Bruno, components of Drosophila germ
plasm. PL10 is also expressed in the germline of the annelid Platynereis
(Rebscher et al., 2007) and of the colonial ascidian Botryllus (Rosner
et al., 2006) and PL10 and Bruno are both expressed in the planarian
germline (Shibata et al., 1999; Guo et al., 2006).
In the Pleurobrachia male germline, the expression of PpiVasa, the
two Piwi paralogues, PpiPL10 and PpiBrunowas switched off in mature
spermatozoids (Fig. 1C–G, I). This seems to be a general tendency for
“germline genes” across eumetazoans. In mouse, Piwi genes are
expressed in sperm stem cells, spermatocytes, and spermatids but not
in mature sperm cells (Thomson and Lin, 2009), and planarian Piwi
ceases expression in spermatozoids (De Mulder et al., 2009b). Vasa
and PL10 expression strongly decreases upon sperm cell maturation in
Botryllus (Sunanaga et al., 2006) and likewise Vasa genes in planarian
and hydra are downregulated in spermatozoids (Mochizuki et al.,
2001; Pﬁster et al., 2008).
Fig. 6. Expression of PpiPiwi1, PpiVasa, PpiBruno, and PpiPL10 in the aboral sensory region. (A–D) General views of the expression patterns of PpiPiwi1 (A), PpiVasa (B), PpiBruno (C),
and PpiPL10 (D) in the aboral sensory complex. The dotted lines delineate the marginal (mpf) and central (cpf) regions of the polar ﬁelds. (A′–D′) Higher magniﬁcation of one patch
of positive cells for each of the four genes. (A″–D″) DAPI counterstaining of panels A′–D′. (E) DAPI preparation from a ﬁxed but not dehydrated specimen showing the organisation of
the aboral sensory complex. ao: Apical organ; cpf: central zone of the polar ﬁeld; mpf: marginal zones of the polar ﬁeld. (F) Higher magniﬁcation of the area boxed in panel E.
(G) Diagram summarising gene expression patterns in the aboral sensory complex. Scale bars: A–E: 25 μm; F: 5 μm; A′–D″: 10 μm.
192 A. Alié et al. / Developmental Biology 350 (2011) 183–197PpiPiwi1, PpiVasa, PpiPL10, and PpiBruno are also expressed in the
stem cells/undifferentiated progenitors of various somatic cell lineages
Stemcells are generally deﬁned by their capacity to self-renewwhile
providing progenitors undergoing cell differentiation (Weissman et al.,
2001; Gilbert, 2010). This fundamental property involves asymmetry
within stemcell progeny, in the course of cell divisions. Yet practically, it
is often difﬁcult to unequivocally identify which are the stem cells
within a given cell lineage, particularly with non-model organisms.
Therefore,we used a combination of approaches to trace the presence of
stem cells within the somatic expression territories of the investigated
genes. The existence of a stem cell population at a given place might be
considered convincing when (i) cytological investigation (using
electron microscopy, DAPI staining of nuclei) indicates the presence of
cells with undifferentiated phenotype, (ii) cell division (monitored here
by EdU incorporation) occurswithin this population of undifferentiated
cells, and (iii) theDNA label is retainedwithin thenucleus of someof the
undifferentiated cells after a long chase period. This last line of evidence
is particularly important in support of the existence of slowly dividing
and self-renewing undifferentiated cells, which stay indeﬁnitely
localised in their niche (see for instance Arai and Suda, 2008; Alunni
et al., 2010). In addition, the identiﬁcation of stem cell pools is greatly
facilitated when the dynamic of cell lineage progression is reﬂected
spatially in the form of gradients of cell differentiation, as for the
colloblast and muscle cell lineages in the ctenophore tentacle root.
However, we are aware of the limits of these approaches. Deﬁnitive
demonstration of “stemness”would require individual tracing to prove
that these proliferating cells remain undifferentiated and give rise to
differentiated derivatives, but this is not currently possible with
ctenophores due to a lack of convenient technical tools. Another
limitation is that not all the cells of a stem cell population are label
retaining in a given labelling experiment.With these limitations in mind, we could nevertheless convinc-
ingly show that in a ctenophore, the Piwi, Vasa, Bruno, and PL10 gene
combination is consistently associated with stemness/undifferentiat-
ed state, irrespective of anatomical context and cell fate. Demonstra-
tion of gene co-expression at the individual cell level would require
double in situ hybridisation, but these four genes have indistinguish-
able expression patterns, and at the anatomical level, they clearly
label the same cell populations with typical features of stem cells/
undifferentiated progenitors. It is furthermore signiﬁcant that these
stem cell pools are totally heteroclite in terms of the somatic cell types
that are derived from them: ectodermal colloblasts vs. mesogleal
muscle cells for the stem cells located, respectively, in the lateral
ridges and the median ridge of the tentacle root; epithelial ciliated
“polster cells” for the stem cells located at the comb extremity;
putative neural and/or sensory cells of the aboral sensory complex for
the four patches of stem cells around the apical organ.
Implications concerning the early evolution of stem cells
Piwi and Vasa are widely known among developmental biologists
as germline markers, and it is only recently that their functions
beyond the germline have begun to attract attention. Data gathered
from the literature concerning the expression in various metazoan
taxa of Piwi, Vasa, PL10, and Bruno (in the germline/in multipotent
stem cells that generate somatic and germ cells/in stem cells giving
rise to somatic cells only), together with ctenophore data from this
study, are summarised in Fig. 8. In many of the emerging bilaterian
models (colonial urochordates, echinoderms, planarians, annelids,
and acoels), these genes are not restricted to the germline but are
expressed in multipotent stem cells. Yet these cells are known or
thought to produce germ cells, often leading authors to maintain the
idea of a link between these genes (particularly Vasa) and germ cell
Fig. 7. Results of EdU incorporation experiments in the aboral sensory complex. First column: nuclei labelled with EdU; second column: nuclei stained with DAPI; third column:
combination of EdU and DAPI ﬂuorescence; fourth column: summary drawings showing the distribution of EdU-labelled nuclei in the aboral sensory complex. Tested experimental
conditions were (A–A″) pulse 30 min, no chase; (B–B″) pulse 12 h, no chase; (C–C″) pulse 12 h, chase 24 h; (D–D″) pulse 12 h, chase 5 days. Dotted lines in all pictures and drawings
encircle the areas in the proximal region of the polar ﬁelds where PpiPiwi1, PpiVasa, PpiBruno, and PpiPL10 are expressed (see Fig. 6). ao: Apical organ; cpf: central zone of polar ﬁeld;
e: epidermis; mpf: marginal zones of polar ﬁeld. Scale bars: 25 μm.
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in which Vasa, Piwi, and PL10 ancestrally carried out a ﬁrst step in
germline determination by specifying a multipotent population of
stem cells within which primordial germ cells (PGCs) are sorted out
later.
Our expression analyses of Piwi, Vasa, Bruno, and PL10 in a member
of the early-branching eumetazoan phylum Ctenophora show
expression of these genes not only in germ cells but also in variouslocalised populations of adult stem cells conﬁned to somatic tissues
and having nothing to do with the germline. This suggests a different
view: that ancestrally in eumetazoans, this gene combination would
be linked to the germline, on one hand, and to stemness, on the other
hand, and that these two contexts must be considered separately.
Admittedly, there is no experimental proof that ctenophore somatic
stem cells are incapable of producing germ stem cells, but under
normal conditions, this seems highly unlikely. The endodermal
Fig. 8. Summary of available data on Piwi, Vasa, PL10, and Bruno expression in the germline, in multipotent stem cells with somatic and germinal derivatives, and in strictly somatic
stem cells. The phylogeny is according to Philippe et al. (2009). References: 1. Juliano and Wessel (2009); 2. Juliano et al. (2006); 3. Rosner et al. (2009); 4. Brown et al. (2009); 5.
Rosner et al. (2006); 6. Krovel and Olsen (2002); 7. Houwing et al. (2007); 8. Ikenishi and Tanaka (2000); 9. Lau et al. (2009); 10. Castrillon et al. (2000); 11. Sharma et al. (2001); 12.
Foresta et al. (2000); 13. Kuramochi-Miyagawa et al. (2010); 14. Kuramochi-Miyagawa et al. (2001); 15. Vong et al. (2006); 16. Vagin et al. (2004); 17. Cox et al. (2000); 18.
Johnstone et al. (2005); 19. Snee et al. (2008); 20. Spike et al. (2008); 21. Rebscher et al. (2007); 22. Pﬁster et al. (2008); 23. De Mulder et al. (2009b); 24. Shibata et al. (1999); 25.
Guo et al. (2006); 26. De Mulder et al. (2009a); 27. Mochizuki et al. (2001); 28. Seipel et al. (2004); 29. Denker et al. (2008); 30. Funayama et al. (2010).
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term EdU retention results) and are spatially distant from the
structures where we identiﬁed the somatic stem cell pools. Further-
more, young ctenophore “half-individuals” obtained after sectioning
of early embryos consistently produce gametes in only two of their
four gonads, implying that the two remaining gonads are not
colonised by germ stem cells coming from elsewhere (Chun, 1880,
1892; Martindale, 1987).
Data from other animal groups fuel our hypothesis that the Piwi
and Vasa genes were ancestrally associated with stemness. In hydra,
PL10 and Vasa genes are expressed in interstitial cells, i.e., multipotent
cells that give rise to germ cells and to several types of somatic cells
(Mochizuki et al., 2001). In addition, they are expressed in ectodermal
epithelial cells (Mochizuki et al., 2001), considered to be stem cells
(Bosch, 2009; Bosch et al., 2010) and having no germ cell in their
progeny. In the Clytia hemisphaerica hydromedusa, Piwi, Vasa, and
PL10 are expressed in somatic stem cells at the base of the tentacle
bulb, giving rise to tentacle nematocytes (Denker et al., 2008 for Piwi;
Leclère, 2008 for Vasa and PL10). There are also instances of Piwi
expression in strictly somatic stem cells in bilaterians (e.g., MILI
expression in adult mouse mesenchymal stem cells; Wu et al., 2010)
(see Fig. 8). Total (for Vasa) or partial (for Piwi and PL10) restriction of
these genes to the germline in some bilaterian groups (e.g.,
vertebrates and insects) is certainly a derived condition acquired
secondarily in these lineages. An important practical consequence is
that it is not appropriate to use these genes, including Vasa, as
germline or PGC markers in exploratory studies of non-model
organisms including bilaterian species outside from these particular
lineages (see for instance Rosner et al., 2009).The ctenophores, a non-bilaterian animal phylumwith spatially segregated
adult cell renewal systems
Non-bilaterian phyla are commonly viewed as animals with a low
level of anatomical complexity. In contrast, recent genomic analyses
have highlighted their genetic complexity (Miller et al., 2005; Putnam
et al., 2007; Srivastava et al., 2008). Ctenophores, despite being one of
the early-branching metazoan phyla, provide a spectacular example
of a signiﬁcant increase in organism complexity, independently from
the bilaterian clade. The present study highlights a notable aspect of
this body complexity, i.e., the existence in adult ctenophores of a
variety of spatially restricted cell renewal systems, each comprising its
own pool of somatic stem cells. Except for those of the tentacle root,
the stem cell pools identiﬁed in the present study had not been
described before, although they had been suspected based on the
expression of two SOX family genes (PpiSOX2 and PpiSOX12; Jager
et al., 2008). The ctenophore data challenge the common view that
ancestral animal stem cells were totipotent/multipotent and more or
less scattered throughout the body (like for sponge archaeocytes,
hydrozoan interstitial cells, and planarian neoblasts) (Müller, 2006;
Agata et al., 2006; Funayama, 2010; or hydra, Bosch et al., 2010), by
suggesting that spatial restriction and lineage speciﬁcity of adult stem
cells might have arisen earlier during animal evolution than usually
thought.
The tentacle root is a promising experimental system to investi-
gate stem cell regulation, cell speciﬁcation, and cell differentiation in
ctenophores. Ordered differentiation of colloblasts along a “conveyor
belt” is somewhat analogous to ordered differentiation of nemato-
blasts along the tentacle bulb axis in the C. hemisphaerica medusa
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could notably be suitable for addressing the role of niches in the
control of stem cell proliferation andmaintenance. For example, in the
lateral ridges, colloblast stem cells lie in close contact and might
interact with two differentiated cell types, cask cells (Kappenzellen)
and wall cells (Deckzellen) (Benwitz, 1978). A possible path to tackle
these issues would be to investigate the major signalling pathways
that in bilaterians are involved in communication between stem cells
and their niches. In the short term, to achieve a better understanding
of the tentacle root, we need to characterise how tentillae are
produced and how colloblasts are respectively addressed to the
tentacle axis or to the tentillae. Another intriguing enigma to be
solved is neurogenesis in the tentacle root. Tentacles and tentillae
have nerve cords localised in their axial mesoglea, but where these
nerve cells form is unknown.
Conclusions
In the ctenophore P. pileus, Piwi, Vasa, Bruno, and PL10 are
expressed in the germline and in spatially restricted pools of somatic
stem cells. Although we cannot completely rule out that this situation
is secondarily derived in ctenophores, comparison with data from
other lineages suggests that association of the so-called germline
genes with stemness has been inherited from a eumetazoan common
ancestor.
Recently, there have been fruitful examples of the search for
common molecular signatures of cell types among distantly related
taxa, to identify homologies at the cellular level and reconstruct
ancestral features of the major cell types. This approach works well
with clear-cut differentiated cell types that express well-identiﬁed
orthologous marker genes, either regulatory or structural (e.g.,
photoreceptor cells, Arendt et al., 2004; Arendt, 2008). However,
this strategy is in principle much more difﬁcult to apply to stem cells,
because the notion of stemness encompasses by default character-
istics (undifferentiated state), characteristics shared with non-stem
cells (capacity of cell division), and processes that can be achieved
through a variety of molecular mechanisms (asymmetry of cell fate
within the progeny). Given this impalpable nature of stemness, it can
seem surprising that a combination of genes tightly associated with
the germline in conventional developmental models turns out to be
proposed as an ancestral molecular signature of stemness. The
fundamental reason why these genes are ancestrally linked to
stemness (in addition to the germline) has probably to do with the
main function of the Piwi–piRNA pathway, i.e., genome protection
through transposon silencing (Vagin et al., 2006; Aravin et al., 2007;
Thomson and Lin, 2009; Tang, 2010; Siomi et al., 2010).
Genome protection is a crucial requirement not only for germ cells
(because they can potentially transmit their genome to the next
generation) but also for somatic stem cells, devoted all life long to the
production of progenitors for proper tissue renewal. It is therefore
signiﬁcant that expression of Piwi and functionally related genes in
the germline is not restricted to germ stem cells but generally persists
in differentiating gametes, whereas in somatic territories, they are
generally not expressed beyond stem cells and progenitors (differ-
entiated cells do not transmit their genome). Furthermore, a corollary
is that ancestral involvement of this series of genes in both the
germline (including germ stem cells) and somatic stem cells does not
particularly imply their “common origin” in a genealogical sense, but
the requirement of the same transposon silencing pathway in two
different contexts. Data on the expression, function, and interactions
of these genes and other “germline genes” (like Tudor, nanos, pumilio
etc.) in a representative sampling of early-branching metazoans (e.g.,
sponges, placozoans, anthozoans and scyphozoans, ctenophores) will
be crucial for testing these hypotheses and, ultimately, for recon-
structing the molecular ﬁngerprint of the ancestral metazoan stem
cells.Acknowledgments
We thank the directors and staff of the “Station Zoologique” in
Villefranche-sur-Mer and of the “Station Biologique de Roscoff” for
welcoming us. We thank Evelyn Houliston for providing laboratory
facilities and the sailors of the Villefranche zoological station and
Roscoff biological station for their help in the animal collection. We
thank Sophie Pagnotta and the Centre Commun de Microscopie
Appliquée (CCMA), Université de Nice Sophia Antipolis, for access to
their Transmission Electronic Microsope, and the Bruce Shilito group
for giving us the opportunity to use their Ultra Microtome. We are
very grateful to Lydie Morel and Etienne Herzog (INSERM UMRS 952,
Université Pierre et Marie Curie) for teaching us the cryosection
technique and for useful advice and to Pierrette Lamarre for the
technical help. We are particularly grateful to Sylvie Rétaux, Evelyn
Houliston, Jean-Michel Hermel, Nicolas Vidal, and Carole Borchiellini
for stimulating scientiﬁc discussion and useful technical advice. EST
sequencing was performed by the Consortium National de Recherche
en Génomique at the Genoscope (Evry, France). This work was
supported by a grant from the GIS “Institut de la GénomiqueMarine” –
ANR “programme blanc” NT_NV_52 Genocnidaire and by the “Agence
Nationale de la Recherche” grant ANR-09-BLAN-0236-01 DiploDevo.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
doi:10.1016/j.ydbio.2010.10.019.
References
Abdelhaleem, M., 2005. RNA helicases: regulators of differentiation. Clin. Biochem. 38,
499–503.
Agata, K., Nakajima, E., Funayama, N., Shibata, N., Saito, Y., Umesono, Y., 2006. Two
different evolutionary origins of stem cell systems and their molecular basis. Semin.
Cell Dev. Biol. 17, 503–509.
Alunni, A., Hermel, J.M., Heuzé, A., Bourrat, F., Jamen, F., Joly, J.-S., 2010. Evidence for
neural stem cells in the medaka optic tectum proliferation zones. Dev. Neurobiol.
70 (10), 693–713.
Arai, F. and Suda, T., 2008. Quiescent stem cells in the niche (July 11, 2008), StemBook,
ed. The Stem Cell Research Community, StemBook, doi/10.3824/stembook.1.6.1,
http://www.stembook.org.
Aravin, A.A., Hannon, G.J., Brennecke, J., 2007. The Piwi–piRNA pathway provides an
adaptive defense in the transposon arms race. Science 318, 761–764.
Arendt, D., 2008. The evolution of cell types in animals: emerging principles from
molecular studies. Nat. Rev. Genet. 9, 868–882.
Arendt, D., Tessmar-Raible, K., Snyman, H., Dorresteijn, A.W., Wittbrodt, J., 2004. Ciliary
photoreceptors with a vertebrate-type opsin in an invertebrate brain. Science 306,
869–871.
Benwitz, G., 1978. Elektronenmikroskopische Untersuchung der Colloblasten-Entwick-
lung bei der Ctenophore Pleurobrachia pileus (Tentaculifera, Cydippea). Zoomor-
phologie 89, 257–278.
Bidaut, G., Stoeckert, J.R., 2008. Characterization of unknown adult stem cell samples by
large scale data integration and artiﬁcial neural networks. Pac. Symp. Biocomput.
14, 356–367.
Bosch, T.C., 2009. Hydra and the evolution of stem cells. Bioessays 31 (4), 478–486.
Bosch, T.C.G., Anton-Erxleben, F., Hemmrich, G., Khalturin, K., 2010. The Hydra polyp:
nothing but an active stem cell community. Dev. Growth Differ. 52, 15–25.
Brown, F.D., Keeling, E.L., Le, A.D., Swalla, B.J., 2009. Whole body regeneration in a
colonial ascidian, Botrylloides violaceus. J. Exp. Zool. B Mol. Dev. Evol. 312 (8),
885–900.
Brusca, R.C., Brusca, G.J., 2003. Invertebrates, second ed. Sinauer, Sunderland, MA.
Castrillon, D.H., Quade, B.J., Wang, T.Y., Quigley, C., Crum, C.P., 2000. The human VASA
gene is speciﬁcally expressed in the germ cell lineage. Proc. Natl Acad. Sci. USA 97,
9585–9590.
Chehrehasa, F., Meedeniya, A.C., Dwyer, P., Abrahamsen, G., Mackay-Sim, A., 2009. EdU,
a new thymidine analogue for labelling proliferating cells in the nervous system.
J. Neurosci. Methods 177, 122–130.
Chun, C., 1880. Die Ctenophoren des Golfes von Neapel und der angrenzenden Meeres-
Abschnitte: eine Monographie. Verlag von W, Engelmann, Leipzig.
Chun, C., 1892. Die Dissogonie, eine neue Form der geschlechtlichen Zeugung, Festsch.
Zum siehenzigsten Geburtstage Rudorf Leuckarts, Leipzig, pp. 77–108.
Cox, D., Chao, A., Lin, H., 2000. piwi encodes a nucleoplasmic factor whose activity
modulates the number and division rate of germline stem cells. Development 127,
503–514.
De Mulder, K., Kuales, G., Pﬁster, D., Willems, M., Egger, B., Salvenmoser, W., Thaler, M.,
Gorny, A.K., Hrouda, M., Borgonie, G., Ladurner, P., 2009a. Characterization of the
stem cell system of the acoel Isodiametra pulchra. BMC Dev. Biol. 9, 69.
196 A. Alié et al. / Developmental Biology 350 (2011) 183–197De Mulder, K., Pﬁster, D., Kuales, G., Egger, B., Salvenmoser, W., Willems, M., Steger, J.,
Fauster, K., Micura, R., Borgonie, G., Ladurner, P., 2009b. Stem cells are differentially
regulated during development, regeneration and homeostasis in ﬂatworms. Dev.
Biol. 334, 198–212.
Denker, E., Manuel, M., Leclère, L., Le Guyader, H., Rabet, N., 2008. Ordered progression
of nematogenesis from stem cells through differentiation stages in the tentacle
bulb of Clytia hemisphaerica (Hydrozoa, Cnidaria). Dev. Biol. 315, 99–113.
Derelle, R., Manuel, M., 2007. Ancient connection between NKL genes and themesoderm?
Insights from Tlx expression in a ctenophore. Dev. Genes Evol. 217, 253–261.
Dunlap, H.L., 1966. Oogenesis in the Ctenophora. Ph.D. Thesis, University of
Washington, Seattle, Washington.
Dunlap-Pianka, H., 1974. Ctenophora. In: Giese, A.C., Pearse, J.S. (Eds.), Reproduction of
marine invertebrates. Acoelomate and Pseudocoelomate Metazoans, 1. Academic
Press, New-York, pp. 281–304.
Dunn, C.V., Hejnol, A., Matus, D.Q., Pang, K., Browne, W.E., Smith, S.A., Seaver, E., Rouse,
G.W., Obst, M., Edgecombe, G.D., Sørensen, M.V., Haddock, S.H.D., Schmidt-Rhaesa,
A., Okusu, A., Kristensen, R.M., Wheeler, W.C., Martindale, M.Q., Giribet, G., 2008.
Broad phylogenomic sampling improves resolution of the animal tree of life. Nature
452, 745–749.
Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32, 1792–1797.
Eisenman, E.A., Alfert, M., 1981. A new ﬁxation procedure for preserving the
ultrastructure of marine invertebrate tissues. J. Microsc. V125, 117–120.
Fleming, H.E., Janzen, V., Lo Celso, C., Guo, J., Leahy, K.M., Kronenberg, H.M., Scadden, D.T.,
2008. Wnt signaling in the niche enforces hematopoietic stem cell quiescence and is
necessary to preserve self-renewal in vivo. Cell Stem Cell 2, 274–283.
Foresta, C., Ferlin, A., Moro, E., 2000. Deletion and expression analysis of AZFa genes on
the human Y chromosome revealed a major role for DBY in male infertility. Hum.
Mol. Genet. 9 (8), 1161–1169.
Franc, J.M., 1985. Lamésoglée des cténaires: Approches ultrastructurale, biochimique et
métabolique. Université Claude Bernard - Lyon I, Lyon.
Funayama, N., 2010. The stem cell system in demosponges: insights into the origin of
somatic stem cells. Dev. Growth Differ. 52, 1–14.
Funayama, N., Nakatsukasa, M., Mohri, K., Masuda, Y., Agata, K., 2010. Piwi expression in
archeocytes and choanocytes in demosponges: insights into the stem cell system in
demosponges. Evol. Dev. 12, 275–287.
Gilbert, S.F., 2010. Developmental Biology, ninth ed. Sinauer, Sunderland MA.
Guindon, S., Gascuel, O., 2003. A simple, fast, and accurate algorithm to estimate large
phylogenies by maximum likelihood. Syst. Biol. 52, 696–704.
Guo, T., Peters, A.H.F.M., Newmark, P.A., 2006. A Bruno-like gene is required for stem
cell maintenance in planarians. Dev. Cell 11, 159–169.
Gustafson, E.A., Wessel, G.M., 2010. Vasa genes: emerging roles in the germ line and in
multipotent cells. Bioessays 32, 626–637.
Hejnol, A., Obst, M., Stamatakis, A., Ott, M., Rouse, G.W., Edgecombe, G.D., Martinez, P.,
Baguñà, J., Bailly, X., Jondelius, U., Wiens, M., Müller, W.E.G., Seaver, E., Wheeler,
W.C., Martindale, M.Q., Giribet, G., Dunn, C.W., 2009. Assessing the root of
bilaterian animals with scalable phylogenomic methods. Proc. R. Soc. Lond. B Biol.
Sci. 276, 4261–4270.
Hemmrich, G., Bosch, T.C., 2008. Compagen, a comparative genomics platform for early
branching metazoan animals, reveals early origins of genes regulating stem-cell
differentiation. Bioessays 30, 1010–1018.
Hernandez-Nicaise, M.-L., 1991. Ctenophora. In: Harrison, F.W., Westfall, J.A. (Eds.),
Microscopic Anatomy of the Invertebrates. Volume II: Placozoa, Porifera, Cnidaria,
and Ctenophora. John Wiley, New York, pp. 359–418.
Hertwig, R., 1880. Ueber den Bau der Ctenophoren. Jena. Z. Naturwiss. 14, 313–457.
Houliston, E., Momose, T., Manuel, M., 2010. Clytia hemisphaerica: a jellyﬁsh cousin joins
the laboratory. Trends Genet. 26, 159–167.
Houwing, S., Kamminga, L.M., Berezikov, E., Cronembold, D., Girard, A., van den Elst, H.,
Filippov, D.V., Blaser, H., Raz, E., Moens, C.B., Plasterk, R.H., Hannon, G.J., Draper, B.W.,
Ketting, R.F., 2007. A role for Piwi and piRNAs in germ cell maintenance and
transposon silencing in zebraﬁsh. Cell 129 (1), 69–82.
Ikenishi, K., Tanaka, T.S., 2000. Spatio-temporal expression of Xenopus Vasa homolog,
SVLG1, in oocytes and embryos: the presence of XVLG1 RNA in somatic cells as well
as germline cells. Dev. Growth Differ. 42 (2), 95–103.
Ivanova, N.B., Dimos, J.T., Schaniel, C., Hackney, J.A., Moore, K.A., Lemischka, I.R., 2002. A
stem cell molecular signature. Science 298, 601–604.
Ivanova, N.B., Dimos, J.T., Schaniel, C., Hackney, J.A., Moore, K.A., Ramalho-Santos, M.,
Yoon, S., Matsuzaki, Y., Mulligan, R.C., Melton, D.A., Lemischka, I.R., 2003. Response
to comments on “Stemness: transcriptional proﬁling of embryonic and adult stem
cells” and “A stem cell molecular signature”. Science 302, 393.
Jager, M., Quéinnec, E., Chiori, R., Le Guyader, H., Manuel, M., 2008. Insights into the
early evolution of SOX genes from expression analyses in a ctenophore. J. Exp. Zool.
B Mol. Dev. Evol. 310, 650–667.
Jager, M., Chiori, R., Alié, A., Dayraud, C., Quéinnec, E., Manuel, M., in press. New insights
on ctenophore neural anatomy: immunoﬂuorescence study in Pleurobrachia pileus
(Müller, 1776). J. Exp. Zool. B Mol. Dev. Evol.
Johnstone, O., Deuring, R., Bock, R., Linder, P., Fuller, M.T., Lasko, P., 2005. Belle is a Drosophila
DEAD-box protein required for viability and in the germ line. Dev. Biol. 277, 92–101.
Juliano, C.E., Wessel, G.M., 2009. An evolutionary transition of Vasa regulation in
echinoderms. Evol. Dev. 11 (5), 560–573.
Juliano, C.E., Voronina, E., Stack, C., Aldrich, M., Cameron, A.R., Wessel, G.M., 2006. Germ
line determinants are not localized early in sea urchin development, but do
accumulate in the small micromere lineage. Dev. Biol. 300 (1), 406–415.
Khalturin, K., Anton-Erxleben, F.,Milde, S., Plötz, C.,Wittlieb, J., Hemmrich, G., Bosch, T.C.G.,
2007. Transgenic stem cells in Hydra reveal an early evolutionary origin for key
elements controlling self-renewal and differentiation. Dev. Biol. 309, 32–44.Krovel, A.V., Olsen, L.C., 2002. Expression of a vas:EGFP transgene in primordial germ
cells of the zebraﬁsh. Mech. Dev. 116 (1–2), 141–150.
Kuramochi-Miyagawa, S., Kimura, T., Yomogida, K., Kuroiwa, A., Tadokoro, Y., Fujita, Y.,
Sato, M., Matsuda, Y., Nakano, T., 2001. Two mouse piwi-related genes: miwi and
mili. Mech. Dev. 108 (1–2), 121–133.
Kuramochi-Miyagawa, S., Watanabe, T., Gotoh, K., Takamatsu, K., Chuma, S., Kojima-
Kita, K., Shiromoto, Y., Asada, N., Toyoda, A., Fujiyama, A., Totoki, Y., Shibata, T.,
Kimura, T., Nakatsuji, N., Noce, T., Sasaki, H., Nakano, T., 2010. MVH in
piRNA processing and gene silencing of retrotransposons. Genes Dev. 24 (9),
887–892.
Lasko, P.F., Ashburner, M., 1990. Posterior localization of vasa protein correlates with,
but is not sufﬁcient for, pole cell development. Genes Dev. 4, 905–921.
Lau, N.C., Ohsumi, T., Borowsky, M., Kingston, R.E., Blower, M.D., 2009. Systematic and
single cell analysis of Xenopus Piwi-interacting RNAs and Xiwi. EMBO J. 28 (19),
2945–2958.
Leclère, L. 2008. Evolution de la reproduction sexuée des hydrozoaires: aspects
historiques, analyse phylogénétique et développementale. Thèse de l'Université
Pierre Marie Curie, Paris.
Lin, H., Spradling, A., 1997. A novel group of pumilio mutations affects the asymmetric
division of germline stem cells in theDrosophila ovary. Development 124, 2463–2476.
Liu, N., Han, H., Lasko, P., 2009. Vasa promotes Drosophila germline stem cell
differentiation by activating mei-P26 translation by directly interacting with a
(U)-rich motif in its 3′ UTR. Genes Dev. 23, 2742–2752.
Martindale, M.Q., 1987. Larval reproduction in the ctenophore, Mnemiopsis myccradyi
(order Lobata). Mar. Biol. 94, 409–414.
Martindale, M.Q., Henry, J., 1997. Ctenophorans, the Comb Jellies. In: Gilbert, S.F.,
Raunio, A.M. (Eds.), Embryology: constructing the organism. Sinauer, Sunderland,
MA, pp. 87–111.
Miller, D.J., Ball, E.E., Technau, U., 2005. Cnidarians and ancestral genetic complexity in
the animal kingdom. Trends Genet. 21, 536–539.
Mochizuki, K., Nishimiya-Fujisawa, C., Fujisawa, T., 2001. Universal occurrence of the
vasa-related genes among metazoans and their germline expression in Hydra. Dev.
Genes Evol. 211, 299–308.
Müller, W.E.G., 2006. The stem cell concept in sponges (Porifera): metazoan traits.
Semin. Cell Dev. Biol. 17, 481–491.
Pﬁster, D., De Mulder, K., Hartenstein, V., Kuales, G., Borgonie, G., Marx, F., Morris, J.,
Ladurner, P., 2008. Flatworm stem cells and the germ line: developmental and
evolutionary implications of macvasa expression in Macrostomum lignano. Dev.
Biol. 319, 146–159.
Philippe, H., Derelle, R., Lopez, P., Pick, K., Borchiellini, C., Boury-Esnault, N., Vacelet, J.,
Renard, E., Houliston, E., Quéinnec, E., Da Silva, C., Wincker, P., Le Guyader, H., Leys,
S., Jackson, D.J., Schreiber, F., Erpenbeck, D., Morgenstern, B., Wörheide, G., Manuel,
M., 2009. Phylogenomics revives traditional views on deep animal relationships.
Curr. Biol. 19, 706–712.
Pick, K.S., Philippe, H., Schreiber, F., Erpenbeck, D., Jackson, D.J., Wrede, P., Wiens, M.,
Alié, A., Morgenstern, B., Manuel, M., Wörheide, G., 2010. Improved phylogenomic
taxon sampling noticeably affects non-bilaterian relationships. Mol. Biol. Evol. 27
(9), 1983–1987.
Putnam, N.H., Srivastava, M., Hellsten, U., Dirks, B., Chapman, J., Salamov, A., Terry, A.,
Shapiro, H., Lindquist, E., Kapitonov, V.V., Jurka, J., Genikhovich, G., Grigoriev, I.V.,
Lucas, S.M., Steele, R.E., Finnerty, J.R., Technau, U., Martindale, M.Q., Rokhsar, D.S.,
2007. Sea anemone genome reveals ancestral eumetazoan gene repertoire and
genomic organization. Science 317, 86–94.
Ramalho-Santos,M., Yoon, S.,Matsuzaki, Y.,Mulligan, R.C.,Melton, D.A., 2002. “Stemness”:
transcriptional proﬁling of embryonic and adult stem cells. Science 298, 597–600.
Raz, E., 2000. The function and regulation of vasa-like genes in germ-cell development.
Genome Biol. 1 (3).
Rebscher, N., Zelada-González, F., Banisch, T., Raible, F., Arendt, D., 2007. Vasa unveils a
common origin of germ cells and of somatic stem cells from the posterior growth
zone in the polychaete Platynereis dumerilii. Dev. Biol. 306, 599–611.
Rebscher, N., Volk, C., Teo, R., Plickert, G., 2008. The germ plasm component vasa allows
tracing of the interstitial stem cells in the cnidarian Hydractinia echinata. Dev. Dyn.
237, 1736–1745.
Reddien, P.W., Oviedo, N.J., Jennings, J.R., Jenkin, J.C., Sanchez Alvarado, A., 2005.
SMEDWI-2 is a PIWI-like protein that regulates planarian stem cells. Science 310,
1327–1330.
Rosner, A., Paz, G., Rinkevich, B., 2006. Divergent roles of the DEAD-box protein BS-
PL10, the urochordate homologue of human DDX3 and DDX3Y proteins, in colony
astogeny and ontogeny. Dev. Dyn. 235, 1508–1521.
Rosner, A., Moiseeva, E., Rinkevich, Y., Lapidot, Z., Rinkevich, B., 2009. Vasa and the germ
line lineage in a colonial urochordate. Dev. Biol. 331 (2), 113–128.
Seipel, K., Yanze, N., Schmid, V., 2004. The germ line and somatic stem cell gene Cniwi in
the jellyﬁsh Podocoryne carnea. Int. J. Dev. Biol. 48, 1–7.
Sharma, A.K., Nelson, M.C., Brandt, J.E., Wessman, M., Mahmud, N., Weller, K.P.,
Hoffman, R., 2001. Human CD34(+) stem cells express the hiwi gene, a human
homologue of the Drosophila gene piwi. Blood 97 (2), 426–434.
Shibata, N., Umesono, Y., Orii, H., Sakurai, T., Watanabe, K., Agata, K., 1999. Expression of
vasa(vas)-related genes in germline cells and totipotent somatic stem cells of
planarians. Dev. Biol. 206, 73–87.
Siomi, M.C., Miyoshi, T., Siomi, H., 2010. piRNA-mediated silencing in Drosophila
germlines. Semin. Cell Dev. Biol. 21 (7), 754–759.
Snee, M., Benz, D., Jen, J., Macdonald, P.M., 2008. Two distinct domains of Bruno bind
speciﬁcally to the oskar mRNA. RNA Biol. 5 (1), 1–9.
Spike, C., Meyer, N., Racen, E., Orsborn, A., Kirchner, J., Kuznicki, K., Yee, C., Bennett, K.,
Strome, S., 2008. Genetic analysis of the Caenorhabditis elegans GLH family of P-
granule proteins. Genetics 178 (4), 1973–1987.
197A. Alié et al. / Developmental Biology 350 (2011) 183–197Srivastava, M., Begovic, E., Chapman, J., Putnam, N.H., Hellsten, U., Kawashima, T., Kuo,
A., Mitros, T., Salamov, A., Carpenter, M.L., Signorovitch, A.Y., Moreno, M.A., Kamm,
K., Grimwood, J., Schmutz, J., Shapiro, H., Grigoriev, I.V., Buss, L.W., Schierwater, B.,
Dellaporta, S.L., Rokhsar, D.S., 2008. The Trichoplax genome and the nature of
placozoans. Nature 454, 955–960.
Sun, M.G., Williams, J., Munoz-Pinedo, C., Perkins, G.A., Brown, J.M., Ellisman, M.H., Green,
D.R., Frey, T.G., 2007. Correlated three-dimensional light and electron microscopy
reveals transformation ofmitochondria during apoptosis. Nat. Cell Biol. 9, 1057–1065.
Sunanaga, T., Saito, Y., Kawamura, K., 2006. Postembryonic epigenesist of Vasa-positive
germ cells from aggregated hemoblasts in the colonial ascidian, Botryllus
primigenus. Dev. Growth Differ. 48, 87–100.
Sunanaga, T., Watanabe, A., Kawamura, K., 2007. Involvement of vasa homolog in germline
recruitment from coelomic stem cells in budding tunicates. Dev. Genes Evol. 217, 1–11.
Tang, F., 2010. Small RNAs in mammalian germline: tiny for immortal. Differentiation
79, 141–146.
Thomson, T., Lin, H., 2009. The biogenesis and function PIWI proteins and piRNAs:
progress and prospect. Annu. Rev. Cell Dev. Biol. 25, 355–376.
Vagin, V.V., Klenov, M.S., Kalmikova, A.I., Stolyanrenko, A.D., Kotelnikov, R.N., Gvozdev,
V.A., 2004. The RNA interference proteins and Vasa locus are involved in the samesilencing of retrotransposon in the female germline of Drosophila melanogaster.
RNA Biol. 1, 54–58.
Vagin, V.V., Sigova, A., Li, C., Seitz, H., Gvozdev, V., Zamore, P.D., 2006. A distinct small
RNA pathway silences selﬁsh genetic elements in the germline. Science 313,
320–324.
Vong, Q.P., Li, Y., Lau, Y.-F.C., Dym, M., Rennert, O.M., Chan, W.-Y., 2006. Structural
characterization and expression studies of Dby and its homologs in the mouse.
J. Androl. 27 (5), 653–661.
Webster, P.J., Liang, L., Berg, C.A., Lasko, P., Macdonald, P.M., 1997. Translational
repressor bruno plays multiple roles in development and is widely conserved.
Genes Dev. 11, 2510–2521.
Weissman, I., Anderson, D., Gage, F., 2001. Stem and progenitor cells: origins,
phenotypes, lineage commitments, and transdifferentiations. Annu. Rev. Cell Dev.
Biol. 17, 387–403.
Wu, Q., Ma, Q., Shehadeh, L.A., Wilson, A., Xia, L., Yu, H., Webster, K.A., 2010. Expression
of the Argonaute protein PiwiL2 and piRNAs in adult mouse mesenchymal stem
cells. Biochem. Biophys. Res. Commun. 396 (4), 915–920.
Yin, H., Lin, H., 2007. An epigenetic activation role of Piwi and a Piwi-associated piRNA
in Drosophila melanogaster. Nature 450 304-U16.
